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Abstract
Plant roots interact with a wide variety of rhizospheric microorganisms, including bacteria and the symbiontic 
arbuscular mycorrhizal  (AM) fungi.  The mycorrhizal  symbiosis represents a series of complex feedbacks 
between plant and fungus regulated by their physiology and nutrition.  Despite the widespread distribution 
and ecological significance of AM symbiosis, little is known about the potential of AM fungi to affect plant 
VOC metabolism. The purpose of this study was to investigate whether colonization of plant roots by AM 
fungi and associated soil microorganisms affects VOC emission and content of  Artemisia annua L. plants 
(Asteraceae). Two inoculum types were evaluated: one consisted of only an arbuscular mycorrhizal (AM) 
fungus species (Glomus spp.), and the other was a mixture of different Glomus species and associated soil 
bacteria. Inoculated plants were compared with non-inoculated plants and with plants supplemented with 
extra phosphorus (P)  to obtain plant  of the same size as mycorrhizal  plants,  thus excluding potentially-
confounding mycorrhizal effects on shoot growth. VOC emissions of Artemisia annua plants were analysed 
by leaf cuvette sampling followed by off-line measurements with pre-concentration and gas chromatography 
mass spectrometry (GC-MS). Measurements of CO2 and H2O exchanges were conducted simultaneously. 
Several volatile monoterpenes were identified and characterized from leaf emissions of Artemisia annua L. 
by GC-MS analysis. The main components identified belong to different monoterpene structures: α -pinene, 
β -pinene, camphor, 1,8-cineole, limonene and artemisia ketone. A good correlation between monoterpene 
leaf concentration and leaf emission was found. Leaf extracts included also several sesquiterpenes.  Total 
terpene content and emission was not affected by AM inoculation with or without bacteria, while 
emission of limonene and artemisia ketone was stimulated by this treatment. No differences were 
found  among  treatments  for  single  monoterpene  content,  while  accumulation  of  specific 
sesquiterpenes  in  leaves  was altered  in  mycorrhizal  plants  compared  to  control  plants.  Growth 
conditions seemed to have mainly contributed to the outcome of the symbiosis and influenced the 
magnitude of the plant response. These results highlight the importance of considering the below-ground 
interaction between plant and soil for estimating VOC emission rates and their ecological role at multitrophic 
levels.
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Introduction
Plant  roots interact with  a wide variety of rhizospheric microorganisms, including bacteria and fungi, 
which greatly affect plant growth and productivity (Barea and Jeffries, 1995; Akiyama and Hayashi, 2002). 
Arbuscular  mycorrhizas  (AM)  are  the  most  widespread  form of  symbiotic  associations  known  to  occur 
between the roots of more than 80% of higher plants and a group of fungi that belong mainly to the recently 
described order Glomerales in the new phylum Glomeromycota (formerly Glomales within the Zygomycota; 
Schüßeler et al., 2001; Koide and Mosse 2004). The major benefits of this mycorrhizal symbiosis include 
enhanced plant growth through improved access to mineral nutrients and water to the plants (Varma and 
Hock, 1995; Jakobsen et al., 2003), and an increased tolerance to root pathogens and/or to environmental 
stresses  (Gianinazzi-Pearson,  1996;  Augé,  2001;  Harrier  and  Watson  2004).  In  addition,  in  natural 
conditions, the mycorrhizas are surrounded by complex bacterial communities throughout their life cycles 
(Perotto  and  Bonfante  1997;  Frey-Klett  and  Garbaye  2005).  These  bacterial  populations,  the  so-called 
‘mycorrhiza helper bacteria’, promote the mycorrhiza-plant symbiosis at physical, metabolic and functional 
levels  (Garbaye,  1994)  and  belong  to  many  groups  and  genera  such  as  Pseudomonas,  Bacillus and 
Streptomyces (Frey-Klett  and  Garbaye  2005).  Appropriate  combinations  of  mycorrhizal  fungi  with  soil 
bacteria colonies as a multitrophic mycorrhizal complex, are indeed recommended for the improvement of 
plant performance (Requena et al., 1997).
The mycorrhizal symbiosis represents a series of complex feedbacks between host and fungus that is 
governed  by  their  physiology  and  nutrition:  the  outcome  of  a  mycorrhizal  relationship  depends  on  the 
balance between fungal demands for energy (in terms of carbon-based compounds) and the plant’s need for 
nutrients  (Miller  et  al.,  2002).  Despite  the  widespread  distribution  and  ecological  significance  of  AM 
symbiosis and although some characterization of its effects on secondary metabolites has been achieved, 
little is known about the potential of AM fungi to affect plant  volatile organic compound (VOC) metabolism 
(Strack et al., 2003). Plants produce and emit more than 30,000 different VOCs including alkanes, alkenes, 
ketones,  aldehydes,  alcohols,  ethers,  esters,  carboxylic  acids  and  terpenes,  which  represent  the  major 
fraction of  plant-emitted VOCs.  (Kesselemeier and Staudt 1999).  They are considered to have mainly a 
protective, defense or communication role, as well as acting as metabolic valves or not a specific function 
(Peñuelas and Llusià 2004). 
VOC emission represents a loss of carbon-containing compounds, and considering that AM symbiosis is 
responsible for huge fluxes of photosynthetically fixed carbon from plants to the fungus (Bago et al., 2000), it 
is likely that AM colonization could alter the allocation of carbon to these compounds. Colonization of plant 
roots by symbiotic AM has been shown to induce the accumulation of secondary metabolites arising from 
phenolic and terpenoid metabolism (Peipp et al., 1997;  Tang et al., 2000; Krishna et al., 2005). Related 
studies show that mycorrhizal fungi induce higher levels of abscisic acid (Danneberg et al., 1992) and a C14 
carotenoid (Klingner et al., 1995) in AM-colonized roots. 
Moreover, the most well  known positive effect of AM to the plant is the increased supply of mineral 
nutrients, especially phosphorus (Smith and Read, 1997; Strack et al., 2003). Terpene precursors contain 
high-energy phosphate bonds and require acetyl-CoA, ATP and NADPH for their synthesis. Hence, P can be 
a limiting factor in terpenoid biosynthesis. Increased application of fertilizers has been shown to affect oil 
yield and composition in different plant species (Tiwari and Banafar, 1995; Dethier et al., 1997) as well as in 
Artemisia  annua  (Figueira,  1996).  Mycorrhization of  fennel plants has resulted in  improved essential  oil 
content  attributable to an improved P status of the plant (Kapoor et  al.,  2004).  On the contrary,  carbon 
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nutrient  balance hypotheses may result  in  a  decrease of  carbon-based secondary  compounds such as 
terpenoids as a consequence of  greater  allocation of  carbon to plant  growth induced by higher  nutrient 
availability (Peñuelas and Estiarte 1998). Thus, mycorrhizal colonization of roots should be considered in 
terpene production regulation studies. 
Artemisia annua L. (Asteraceae) is a mycotrophic plant species (Klironomos et al., 1998; Blanke et al. 2005). 
The genus Artemisia comprises more than 300 species and is well known as a source of aromatic essential 
oils.  A  number  of  species  in  this  genus  are  cultivated  for  special  pharmacological  and  non-medicinal 
purposes (Bos et al., 2005). A. annua is a fragrant annual herb widely distributed in Asia, Europe, and North 
America (Jia et al., 1999), used in traditional Chinese medicine since ancient times (Klayman 1985). The 
main interest in Artemisia annua relies on the powerful activity of artemisinin, an endoperoxide sesquiterpene 
lactone  and  its  related  derivatives,  for  the  treatment  of  malaria,  especially  for  the  chloroquine-resistant 
parasite Plasmodium falciparum (Klayman, 1985). However, A. annua is very rich in other monoterpenes and 
sesquiterpenes (Ahmad and Misra  1994;  van Geldre  et  al.,  1997;  Tan et  al.,  1998).  Among these,  the 
monoterpenes artemisia ketone,  α -pinene,  β -pinene, 1,8-cineole, and camphor have been found as the 
major constituents of the essential oil of the aerial part of this species (Ahmad and Misra 1994).  A. annua 
leaves have been described to bear capitate glandular trichomes where monoterpenes accumulate (Tellez et 
al., 1999), and, as in many aromatic plants, terpene biosynthesis is strongly coupled to these structures 
(Duke et al., 1994; Tellez et al., 1999; Bertea et al. 2006).  The biochemical regulation of terpene formation 
and  accumulation  in  glandular  trichomes  of  Artemisia  annua is  currently  being  elucidated.  Several 
sesquiterpene synthases catalysing the formation of different terpene structural types have already been 
isolated from A. annua (Cai et al., 2002; Bertea et al., 2006 ). 
The aim of this study is to test the hypothesis that colonization of plant roots by AM fungi and associated 
microorganisms affects quantitatively and qualitatively the VOC emission and content of Artemisia annua L. 
We used two types of inoculum: one consisted of a single Glomus species, while the other was a mixture of 
different  Glomus species and associated soil bacteria. Since terpene emission and synthesis is known to 
vary depending on the phenological stage of the leaves (Kesselmeier and Staudt 1999; Llusià and Peñuelas 
2000;  Rapparini  et  al.,  2001;  Kuhn et  al.,  2004)  and mycorrhization with  AM fungi  is  known to  usually 
stimulate plant growth through an increased P uptake, AM and non-mycorrhizal (NAM) plants were analysed 
with  an  additional  non-mycorrhizal  control  in  which  an  additional  source  of  P  was  given  to  the  plants 
(NAM+P) to have comparable growth status to mycorrhizal plants. Potential differences in shoot growth or 
leaf area can lead to ontogenetic differences that could confound the interpretation of the physiological data 
obtained about the relationship between AM symbiosis and VOC metabolism.
Materials and Methods
Plant material:
Artemisia annua seedlings were grown from seeds of one mother plant from the field site. For the first 
month they were grown in seed trays containing autoclaved peat-sand substrate in a climate-controlled 
chamber (16 h photoperiod at a light intensity of approximately 400 µ mol m-2 s-1 photosynthetically active 
radiation, 23-25°C and 60% RH). After one month, seedlings were individually transplanted to 600 mL pots 
containing autoclaved soil: sand: peat mix (2:1:1, v/v/v). According to the experimental protocol, some of the 
seedlings received the mycorrhizal  treatment. Mycorrhizal  colonization of germinated  Artemisia seedlings 
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was induced by transplanting the plants into pots containing autoclaved substrate mixed with inoculum. Two 
types of mycorrhizal and control plants were 
AMG: plants were inoculated with 5 gram/pot of finely chopped root fragments taken from 3- month-old 
Allium porrum L. pot-cultures  colonized with a Glomus species isolated from a peach orchard as previously 
described (Rapparini  et  al.,  1996). Plants were supplied weekly  with  20 ml/pot  of  Long Ashton nutrient 
solution lacking phosphorus.
AMM: plants  were  inoculated  with  20 ml  of  Micosat  F,  a  commercial  inoculum (CCS,  Aosta,  Italy) 
containing Glomus spp. (Glomus mosseae -G11, Glomus intraradices -G67, Glomus viscosum -G41) as AM 
fungi in association with different bacteria (Pseudomonas fluorescens -P01, Pseudomonas fluorescens -P28, 
Bacillus subtilis -B36,  Streptomyces spp. -S14,  Radiobacter spp. -R37). The aim was to obtain mycorrhzal 
plants  which  were  colonized  by  a  multitrophic  mycorrhizal  complex  composed  by  a  population  of  AM 
mycorrhizal fungi and bacteria that can be considered as representative of those likely to be found in a mixed 
natural soil community. AM fungal species indeed exist in mixed communities of typically 20 or more species 
with  Glomus spp. particularly prevalent in agricultural systems (Smith et al., 2003). The bacteria species 
present in this mixture belong to the so called “mycorrhza helper bacteria” (Garbaye, 1994). Plants were 
supplied weekly with 20 ml/pot of Long Ashton nutrient solution lacking phosphorus.
NAM:  control plants were grown in the same autoclaved substrate from which inoculum material was 
omitted and supplied weekly with 20 ml of Long Ashton nutrient solution lacking phosphorus.
NAM + P: control plants were grown in the same autoclaved substrate from which inoculum material was 
omitted and supplied weekly with 20 ml of full-strength Long Ashton solution (which contains 41 ppm of P).
The seedlings of all the treatments were maintained in these trays for 4 weeks in the greenhouse at 
22-28°C  under  natural  photoperiod  to  allow  colonization.  One  month  after  inoculation,  plants  were 
transferred to 1L pots filled with the same sterile substrate and kept under greenhouse conditions. Plants 
were watered with tap water and fertilized as indicated above for each specific treatment.
Root infection:
To assess the AM colonization, one month after inoculation and at the end of the experiment (9 weeks 
after inoculation) root samples were cleared in 10% KOH and stained with 0.05% trypan blue in lactoglycerol 
(Phillips and Hayman, 1970), before the extent of colonization was microscopically estimated as percentage 
of mycorrhizal root length.
Gas exchanges (CO2, H2O, VOCs):
Two month after inoculation (85 days of growth) gas exchange measurements were performed. Intact 
leaves were clamped in a leaf cuvette exposed to 25°C and with a light intensity of 1000  µ mol m-2 s-1. 
Photosynthesis  (A),  stomatal  conductance  (Gs)  and  VOC  were  simultaneously  measured.  All  the 
measurements were carried out maintaining the light intensity at 1000 µ mol m-2 s-1 and the leaf temperature 
at 25°C.
Analysis of terpenes by GC-MS
An intact leaf was clamped in a Parkinson leaf chamber (Std Broad 2.5) and a portable photosynthesis 
system CIRAS-2 (PP Systems, Hitchin, Hertfordshire, UK) with an automated gas mixing unit was employed 
for A and Gs measurements. The flow rate through the leaf chamber was kept at 745 ml min-1 and controlled 
by the CIRAS-2 mass flow controller. All leaves were allowed 60 min in the cuvette in order to stabilize gas 
exchange and for the cuvette environment to settle prior to VOC sampling. Part of the air exiting the leaf 
cuvette flowed through a T-system to allow VOC sampling. Gas samples of 5L were collected at a flow rate 
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of 500 ml min-1 on carbon trap adsorption tubes (8.1 cm long and 0.3 cm internal diameter) manually filled 
with Carbopack Y (95 mg), Carboxen 1003 (65 mg), and Carbopack B (40 mg) (Supelco, Bellafonte, PA, 
USA) separated by plugs of quartz wool and treated at 300 ºC 10 min by three times with an helium flow of 
20 mL min-1. After VOC sampling, the adsorbent tubes were immediately analysed or stored at -30°C until 
analysis (within 24-48h). The traps were thermally desorbed (OPTIC3 High Performance GC Injector, ATAS 
GL Internationa B.V., De Run, The Netherlands) at 300°C during 10 min. The desorption unit was connected 
to gas chromatography electron ionisation detector,  GCD (HP-G1800A; Hewlett  Packard, Palo Alto,  CA, 
USA).  The desorbed samples were  injected using the Combi  PAL programmable injector  system (CTC 
Analytics AG, Zwingen, Switzerland) into a 30 m , 0.25 mm, 0.25 mm film thickness capillary column (HP-5, 
crosslinked 5% pH Me Silicone; Supelco Inc.).  After sample injection, the initial temperature (45°C) was 
increased at 30°C min-1 up to 60°C, maintained for 1 min, followed by a ramp of 20°C min-1 up to 150°C, 
which was maintained for 3 min, and increased at 30°C min-1 up to 250°C that were maintained for 5 min. 
Helium flow was 0.1 ml min-1. Identification of compounds achieved by comparison of retention times and 
mass spectra of authentic standards (Fluka, Switzerland) and published literature spectra. Quantification of 
terpenes was performed using frequent standard calibration mixture. Before taking foliar measurements, we 
measured the background concentrations of VOCs by sampling the empty leaf cuvette. 
All the leaves sampled for gas-exchange measurements for GC-MS were harvested at the end of the 
experiment (9 weeks after inoculation) to measure their surface by image analysis method. Images were 
acquired using a common scanner system (Epson Perfection Photo scanner 1650, Epson America Inc., 
USA) and processed with Chameleon Image Analysis Software (Sky, Instruments Ltd., Llandrindod Wells, 
Powys, UK).
Terpene foliar concentration analysis
At  the end of  VOC emission measurements,  and after  9 h  of  light  exposure to  be in  the range of 
maximum terpene synthesis (Lu et al., 2002), fully expanded mature leaves were sampled, ground to a fine 
powder in liquid nitrogen and extracted with 1 ml of pentane for 2 hours under constant shaking in a water 
bath at 30°C. The dry weight of each extracted tissue sample was determined after drying at 70°C for 24 h. 
The  supernatant  was  collected  and  used  for  the  injection  into  the  same  gas  chromatograph-mass 
spectrometry system used for analysis of VOC absorbent tubes. Three ml were injected into a 30 m ×  0.25 
mm ×  0.25 mm film thickness capillary column (HP-5, crosslinked 5% pH Me Silicone; Supelco Inc.). After 
sample injection, the initial temperature (45°C) was maintained for 3 min, increased at 10°C min-1 up to 60°C 
and followed by a ramp of 30°C min-1 up to 150°C, was maintained for 2 min and increased at 10°C min-1 up 
to 250°C, and was maintained for 6 min. Helium flow was 1 ml min-1. Identification and quantification was 
performed as for VOC sampled by traps, except that dodecane was added to the extraction solvent as an 
internal standard (Llusià et al. 2006).
Fluorescence measurements
After  gas  exchange  measurements,  leaf  chlorophyll  fluorescence  was  determined  using  a  portable 
modulated  fluorimeter  (PAM-2000,  Heinz  Walz  GmbH,  Effeltrich,  Germany).  Maximal  (potential) 
photochemical efficiency of photosystem II  (PSII) (given by Fv/Fm) was determined on leaves after dark 
adaptation for 30 min. Photosynthetic electron transport rate (ETR) expressed as µ mol of electrons m-2 s-1 
derived from the measured values of effective quantum yield (Y) and PAR, by multiplying the Y by the PPFD 
received by the leaf, by 0.5 (which assumes half the PPFD is absorbed by PSII), and by 0.84 (fraction of 
PPFD absorbed by the leaf).
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Growth analyses
Plant growth was assessed every day in terms of stem height and the number of fully expanded leaves 
during the entire gas exchange measurement experimental period. At the end of the experiment (9 weeks 
after  inoculation)  and  gas  exchange measurements,  mycorrhizal  (AMM and AMG)  and  non-mycorrhizal 
(NAM and NAM +P) were harvested and shoots were separated into leaves, stems and apex. Leaves used 
for gas exchange measurements were subjected to leaf area determination as above described, while the 
rest of the leaves were immediately frozen in liquid nitrogen for terpene content analysis, or dried at 70°C in 
a ventilated oven for biomass and nutrient analysis. Roots were separated from the substrate by careful 
washing under running water and sub-sampled for estimation of AM percentage of colonization or dried at 
70°C in a ventilated oven until constant weight was achieved and root dry weight was recorded.
Mineral nutrient determinations
The foliar  concentration of  P,  N,  K,  Ca,  Mg,  S,  Na,  Fe,  Mn,  Zn,  Cu,  and B was determined by a 
commercial laboratory (Dr. Claudio Cicognani Lab. Anal., Forlì, Italy) on dried material from mycorrhizal and 
non-mycorrhizal  plants.  A  spectrophotometric  method  (Perkin  Elmer  Lambda2, Double  beam  optics, 
Wellesley, Maryland, USA) was used for the determination of P, S and B after reaction with ammonium 
molybdate,  barium  chloride, and  azomethine  H,  respectively.  N  concentrations  were  determined  by  a 
Kjeldahl method with a rapid-flow autoanalyser. K, Ca, Mg, Na, Fe, Mn, Zn, and Cu were analysed by atomic 
absorption spectrophotometry (Perkin Elmer 1100, Wellesley, Maryland, USA). 
Statistical analyses 
Morphological and physiological data of 3-4 samples for treatment were subjected to analysis of variance 
(ANOVA) using PC SAS (SAS System 9.1, Institute Inc., Cary, NC, USA). Statistical differences between 
measurements on different treatments were analysed by means of Fisher’s LSD test and were considered 
significant at a probability level of P<0.05.
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Results
Effect of inoculation on morphological characteristics
Mycorrhization
One month after inoculation, all  inoculated plants became colonized by AM fungi.  At the end of the 
experiment (9 weeks after inoculation) more than 77 ± 5.6 (S.E.) % and 85 ± 6.2 (S.E.) % of the root length 
was colonized by mycorrhizal fungi for AMG and AMM treatments, respectively (data not shown). The non-
inoculated plants did not show any root infection.
Biomass
Artemisia annua plants responded positively to both type of AM inoculation. Increased shoot elongation, 
expressed in terms of total shoot length, was first visually observed 4 weeks after inoculation in mycorrhizal 
plants (AMM and AMG) compared to non- mycorrhizal (NAM) plants and continued to the end of experiment 
(9 weeks after inoculation; Tab. 1). P fertilization produced plants of similar size to those inoculated, ranging 
from 30 to 37 cm in height at the end of the experiment. Mycorrhizal plants had also more leaves than control 
plants, although significant differences were observed only for mycorrhizal plants inoculated with the mixture 
of  AM  fungi  and  bacteria  (AMM  treatment).  AMM  mycorrhizal  plants  were  also  characterized  by  a 
significantly higher stem dry weight compared to the other treatments. No differences in dry weight of leaves 
and roots were found among mycorrhizal plants (AMM and AMG) and control plants (NAM and NAM+P). 
However, partitioning between above- and below-ground parts was found when data were expressed as a 
percentage of the total dry weight: AMM and AMG mycorrhizal plants allocated less dry weight to the leaves 
at the expense of stem and roots compared to non-mycorrhizal plants (NAM).
AMM mycorrhizal plants exhibited a significantly higher leaf mass per area (LMA) compared to the other 
treatments, indicating that the leaves of plants under this treatment were thicker (Tab. 1)
Effect of inoculation on physiological characteristics
Mineral content
Foliar mineral nutrient characteristics of mycorrhizal  (AMM and AMG) plants and non-mycorrhizal  P-
supplemented (NAM+P) plants were similar, but different than those measured in non-mycorrhizal (NAM) 
leaves (Tab. 2). Although no significant differences were observed for P content among the treatments, the 
foliar  mineral  concentration  of  Mg  in  AMM  and  AMG  mycorrhizal  plants  as  well  as  that  one  of  P-
supplemented  non-mycorrhizal  plants  (NAM+P),  was  higher  (0.34%,  0.34%  and  0.33%,  respectively) 
compared  to  the  level  (0.26%)  detected  in  non-mycorrhizal  plants  (NAM).  In  contrast,  K  and  Na 
concentrations were lower in AMG (3.37% and 384 ppm), AMM (3.32% and 295 ppm) mycorrhizal and P-
supplemented non-mycorrhizal plants (3.43% and 352 ppm), compared to the non-mycorrhizal ones (3.85% 
and 677 ppm). 
Photosynthesis and related parameters
No differences  in  the  rate  of  photosynthesis  (A)  and stomatal  conductance  (Gs)  were  observed  in 
response to colonization with AM fungi with or without soil bacteria (AMM and AMG plants) when compared 
with  non-mycorrhizal  (NAM and NAM+P)  plants  (Tab.3).  These results  are  consistent  with  those  found 
previously (Wright et al., 1998; Fredeen and Terry, 1988; Syverstsen and Graham, 1990; Eissenstat et al., 
1993). However, small but significant higher rates of photosynthesis (7.0 µ mol m-2 s-1) were found in AMM 
mycorrhizal plants when compared to AMG mycorrhizal plants (5.6  µ mol m-2 s-1). Although no differences 
were found among the treatments in maximal photochemical efficiency of photosystem II (PSII) of the dark-
adapted leaves (Fv/Fm),  the values obtained (0.8)  were typical  of  healthy non-photoinhibited leaves.  In 
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contrast,  the  photosynthetic  electron  transport  rate  (ETR)  was  significantly  higher  in  AMM  and  AMG 
mycorrhizal plants compared to non-mycorrhizal plants (NAM). Similar trend to that one of mycorrhizal plants 
was observed for non-mycorrhizal P-supplemented plants (NAM+P treatment).
Terpene emission 
The  volatile  emission  profile  of  Artemisia  plants  was  found  to  be  composed  of  a  diverse  array  of 
monoterpene structures including  regular  monoterpenes such as  α− and β -pinene,  camphene,  carene, 
limonene,  1,8-cineole  and  camphor  and  the  irregular  terpene  artemisia  ketone,  independently  of  the 
treatment  applied  (Tab.  4).  The  monoterpene  artemisia  ketone,  defined  as  an  irregular monoterpene 
because it does not follow the “isoprene rule” with the typical “head-to-tail” linkage between its two isoprene 
units (Umlauf et al., 2004), was the dominant compound in samples from all treatments, accounting for about 
50% of total terpene emissions.
Volatile emission rate was quite large (about 142-224 µ g g-1DW h-1). Total isoprenoid emission was 
slightly but not significantly higher in all the mycorrhizal treatments (AMM and AMG plants) than the non-
mycorrhizal ones (NAM and NAM+P; Fig. 1). However, the total amount of monoterpenes emitted by AMM 
mycorrhizal plants (AMM treatment) was moderately (α  = 0.1) higher than that detected in non mycorrhizal 
plants  (NAM  and  NAM+P  treatments)  (data  not  shown).  Mycorrhizal  plants  (AMM  and  AMG)  were 
characterized by a higher emission of  limonene as compared to NAM plants (NAM and NAM+P),  even 
though statistically significant differences were found only for AMG plants, with a 35 µ g g-1DW h-1 emission 
rate. Moreover, AMM mycorrhizal plants showed a higher significant emission of artemisia ketone (145 µ g 
g-1DW h-1), compared to the other treatments (on average, 80 µ g g-1DW h-1). The emission of ∆ -3-carene 
was moderately (α = 0.1) higher in AMM plants compared to NAM plants (data not shown).
No  significant  differences  were  found  in  the  percentage  of  photosynthetic  carbon  emitted  as 
monoterpenes, accounting approximately for 2-3%, independently from the treatment applied (Tab. 4).
Limonene emission has been found to correlate positively with electron transport rate (r= 0.89 P<0.1; 
Fig. 2).
Terpene content
Leaf terpene concentrations were in the range of 1.2-1.5% of dry weight as generally found in other 
species (Peñuelas and Llusià 2001) (Tab. 5 and 6). Good correlations were found between monoterpene 
emission and content pattern both in qualitative and quantitative terms, except that leaf content included also 
the monoterpene β -ocimene, which represented the 8-18% of total monoterpenes, while the emitted ∆ -3-
carene was not found in leaf extracts (Fig. 3). As found in the emission profile, artemisia ketone was the 
most abundant compound of plant extracts, accounting for about 50% of the total monoterpene fraction. 
Differently from VOC profile emission, several sesquiterpenes were identified and characterized in the 
leaf extracts, although the total amount of sesquiterpenes (1-2 mg g-1DW) was approximately 10-fold lower 
compared  to  the  total  content  of  monoterpenes  (12-15  mg  g-1DW).  The  sesquiterpene  fraction  was 
dominated  by  germacrene-D  and  β -caryophyllene,  each  representing  about  30-40%  of  the  total 
sesquiterpene content (Tab. 6).
Mycorrhizal  plants  (AMG  treatment)  and  P-supplemented  non-mycorrhizal  plants  (NAM+P)  had  a 
moderately (α = 0.1) higher concentration of α -copaene (data not shown), a significant lower content of 
total  sesquiterpenes  and  α -farnesene  absolute  concentration  and  relative  proportion  (%  of  the  total 
sesquiterpenes)  compared  to  the  non-mycorrhizal  plants  (NAM  treatment)  (Fig.  1).  Similarly,  AMG 
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mycorrhizal plants were characterized by a significant lower level of α -farnesene and by a moderately (α = 
0.1)  lower content  of  total  sesquiterpenes  compared  to  the  non-mycorrhizal  plants  (NAM  treatment). 
Compositional changes were observed also for  β -caryophyllene, which significantly enriched the content 
profile of AMM mycorrhizal plants, composing 43% of the total sesquiterpene fraction.
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Discussion
Mycorrhizal  inoculation  positively  affects  growth  of  Artemisia  annua L.  plants  in  terms  of 
biomass  accumulation  and  shoot  elongation,  while  no  effects  of  AM  root  colonization  on  leaf 
photosynthetic rate and stomatal conductance were detected. 
Artemisia annua L. showed the emission of different monoterpenes at high emission rate (142-224 µ g 
g-1 DW h-1),  greater  than  those  previously  found  for  this  genus  (Winer  et  al.,  1983;  Arey  et  al.,  1995; 
Guenther et al., 1996) and species (Lu et al., 2002). Terpene composition of  A. annua leaf emission and 
content reflects those previously found in the essential oils of this genus (Ahmadi et al., 2002; Bos et al., 
2005; Barney et al., 2005; Jerkovic et al., 2003) and species (Ahmad and Misra 1994; Tellez et al., 1999), 
with  α -pinene,  β -pinene,  1,8-cineole,  camphor,  limonene  and  artemisia  ketone  as  the  dominant 
monoterpenes, and β -caryophyllene and germacrene-D as the main sesquiterpenes.
In our experimental conditions, results from VOC analysis indicated that inoculation of A. annua 
plants with AM fungi, in association or not with soil bacteria (AMG and AMM treatments) did not 
affect foliar total terpene emission and content, while increasing emission rate of the monoterpenes 
limonene and artemisia  ketone when compared to  non-mycorrhizal  plants  (NAM  or  NAM+P).  No 
differences  were  found  among  treatments  for  single  monoterpene  content,  while  AM-inoculated 
plants  (AMM  and  AMG)  showed a  slightly  lower  level  of  total  sesquiterpenes,  in  particular  α -
farnesene and α -copaene in leaf extracts compared to the non-mycorrhizal plants (NAM). Differences 
in relative proportion were observed also for β -caryophyllene, which was higher in AMM mycorrhizal plants 
as previously found (Nemec and Lund, 1990). Alpha-farnesene and  β -caryophyllene are the most typical 
inducible  terpenes  emitted  by  herbivore-damaged  plants  (Holopainen  2004).  Alpha-farnesene  is  also 
considered a stress metabolite in apple and pear fruits (Rupasinghe et al., 2003). The smaller NAM plants 
could be at a different growth stage, and their higher content of sesquiterpenes could be due to a different 
developmental stage. Changes in sesquiterpene content and composition during development have been 
noted in many plant species (Chou and Mullin, 1993; Flesch et al., 1992; Kollner et al., 2004) with mature 
plants frequently exhibiting lower sesquiterpene content than younger plants (Alonso-Amelot et al., 1992; 
Haraguchi et al., 1993).
Labelling studies of biosynthesis of the irregular monoterpene artemisia ketone showed, similarly to the 
regular monoterpenes such as α -pinene and limonene, the same methylerythritol phosphate (MEP) origin of 
the isoprene units, while the sesquiterpene germacrene-D seems to be mainly synthesised via the mevalonic 
acid (MVA) pathway (Umlauf et al., 2004; Arimura et al., 2004). Thus, our results of a different emission and 
content of mono- and sesquiterpenes in mycorrhizal vs. non-mycorrhizal plants, suggest a possible effect of 
an AM-specific  regulation of the different enzymes used in terpene synthesis.  Strack and Fester (2006) 
suggested an AM-specific  activation and expression of  enzymes involved in terpene and apocarotenoid 
metabolism.  Previous  findings  showed the  induction  of  a  plastid  enzyme of  terpene  pathway,  the DXR 
enzyme, at the transcript and protein level in cereal roots, leaves and young seedlings (Hans et al., 2004; 
Walter et al., 2000). Colonization of roots by AM fungi in those plants (Triticum aestivum L.,  Zea mays L., 
Oryza sativa L.,  Hordeum vulgare) has induced the MEP pathway, resulting in an accumulation of several 
carotenoid degradation products (Strack et  al.,  2003;  Walter et  al.,  2000)  and triterpenes (Akiyama and 
Hayashi 2002), while increased levels of jasmonates found in mycorrhizal plants area are accompanied by 
the cell-specific expression of jasmonate biosynthetic genes (Hause et al., 2002).
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However,  evidences  of  a MEP-pathway involvement in the production of sesquiterpene biosynthesis 
precursors in the Asteraceae (Steliopoulos et al, 2002; Arimura et al., 2004; Adam et al., 1999) including 
Artemisia annua (Bertea et al. 2006), suggest that differences in the activity levels of related synthases could 
be less evident on total emission or production of terpenes, as found also in basil (Ocimum basilicum L., 
Lamiaceae; Iijima et al. 2004).
Moreover, when our terpene data were expressed on a whole shoot basis, the total amount of emitted or 
contained monoterpenes per shoot of mycorrhizal plants remained higher than in non-mycorrhizal plants, 
since the enhancement of limonene and artemisia ketone emissions were accompanied by increased plant 
growth in mycorrhizal plants, while no differences among treatments were observed for total amounts of 
sesquiterpenes per plant (data not shown). Hence, it seems more likely that inoculation with AM fungi with or 
without soil bacteria can influence primarily the monoterpene pathway. 
Environmental factors influence the magnitude of the plant response to mycorrhization, which is 
closely linked to the bidirectional exchange of C and P between the symbionts ( Smith and Read, 
1997). In our experiments, the effects of AM mycorrhization on plant performance may have been 
less  pronounced  as  a  consequence  of  growth  conditions,  being  the  plants  not  nutrient  limited 
despite having no available P, which showed no differences in leaf concentrations. Indeed, it is well 
established that plant responses to AM colonization are usually positive when P is limiting (Smith 
and Read, 1997). Koide (1991) stated also that the extent to which P requirement exceed the P supply 
determines plant benefit from mycorrhizal fungi.  In our experiments, the amount of extra P given with 
fertilization  to  the  non-mycorrhizal  plants  (NAM+P  treatment),  while  allowing  the  production  of  non-
mycorrhizal plants at the same developmental stage, resulted too mild to induce significant leaf P changes 
maybe as a result of enough P concentration in the substrate.  Several studies have produced conflicting 
results on the role of foliar mineral nutrition in the positive effect of colonization on growth and metabolism of 
AM plants (Strack et al., 2003). Lack of a positive change in growth, physiology or P nutrition as a result of 
AM colonization does not imply a non-functional symbiosis in terms of P uptake (Smith et al., 2004). AM 
fungi can provide the dominant route for plant P supply, even when the overall growth or P uptake remains 
unaffected  (Smith  et  al.,  2003).  Furthermore,  alterations  in  some  physiological  traits  that  appeared 
independent of P concentrations, could be linked to differences in the partitioning of metabolically active P 
between the vacuolar, chloroplastic and cytosolic compartments (Foyer and Spencer 1986), even where the 
bulk leaf P concentrations are the same (Black et al., 2000). However, mycorrhizal (AMM and AMG) and 
non-mycorrhizal P-supplemented plants (NAM+P) were characterized by similar overall nutrient status, plant 
growth  and  the  photosynthetic  parameter  electron  transport  rate,  where  all  these  parameters  resulted 
statistically different from those observed in non-mycorrhizal plants (NAM), suggesting a P-nutritional impact 
of fungal colonization on these specific plant traits. Niinemets et al., (2002a) showed a stronger control of 
monoterpene emission rates by photosynthetic electron transport (ETR) than by net assimilation, suggesting 
the use of ETR as a surrogate of emission measurements which is consistent with our findings of a good 
correlation between ETR and limonene emission. Since ETR has been proved to describe monoterpene 
emission  especially  under  stress  conditions  (Niinemets  et  al.,  2002b)  the  higher  ETR rate  observed  in 
mycorrhizal plants in combinations with a higher monoterpene emission rate could be indicative of a better 
physiological status of these plants compared to the non-mycorrhizal ones. 
Although differences in the total production and emission of terpenes were not evident, changes 
in single terpene metabolism were observed. Several studies have shown specific responses in the 
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aboveground  part  of  the  plants  to  a  wide  variety  of  organisms,  including  root-associated  soil 
organisms (Harrewijn et al., 2001; Bezemer et al.,  2005). In particular, it has been shown that AM 
colonization can alter production and/or emission of selected terpenes in a variety of plants at both 
above- and below-ground level (Mellon and West 1979; Nemec and Lund, 1990; Strack et al., 2003; 
Kapoor et al., 2004). Thus, the observed changes in single terpene content and emission may be 
relevant  and could indicate a  specific  physiological  role  of  these compounds.  This can also be 
supported by the fact that the increased emission of single monoterpene seemed to depend on the 
type  of  the  applied  inoculum,  with  AMG  inoculum enhancing  limonene  emission,  and  the  AMM 
inoculum  increasing  artemisia  ketone  emission. AMM  plants  were  also  characterized  by  a  higher 
percentage of of β -caryophyllene on the total sesquiterpene content compared to the AMG treatment. The 
different effects of the two types of inoculum on terpene metabolism suggest that different AM fungi can be 
functionally diverse both in effectiveness of the fungi as symbionts and in responsiveness of the plants in 
terms of terpene metabolism, compared with non-mycorrhizal plants. Since mycorrhizal effects, including 
terpene production,  depend on the genotypes of  the organisms involved (Jakobsen et  al.,  2003; 
Khaosaad et al., 2006,), it’s not surprising that effects of a single VAM isolate (AMG treatment) differ 
from  the  effect  of  a  more  complex  mycorrhizal  community  (AMM  treatment).  There  could  be  a 
considerable diversity in the ability  of  different  fungi  and soil  bacteria  associated to induce mycorrhizal-
specific genes, leading to differences in terpene emission and production profile. Differential effects of AM 
fungi in regulating genes involved in secondary metabolism have been observed (Strack et al., 2003). In our 
study, the specific effect of AMM mycorrhizal inoculation on monoterpene emission was associated with an 
increased  photosynthetic  rate  and  enhanced  stem biomass  accumulation  when  compared  to  the  AMG 
mycorrhizal plants, confirming that different fungi can have different effects on plant growth and physiology 
(Bethlenfalvay et al., 1989; Jakobsen et al., 1992; Smith et al., 2003). Although, the relationship between 
mycorrhiza fungi  and bacterial  associates that  may affect the plant response has not been fully 
elucidated (Koide  and  Mosse  2004),  a  role  of  soil  bacteria  cannot  be  excluded both  directly  or 
indirectly  through  altering  rooting  patterns  and  AM  colonization  (Andrade  et  al.,  1998).  Several 
evidences showed the influence of soil non-pathogenic bacteria on plant growth and systemic plant 
defence by producing volatile compounds (Bezemer and van Dam, 2005).
In conclusion, in our experimental  conditions, the response of  Artemisia annua plants to AM 
inoculation, with or without bacteria, did not influence the total terpene emission and content, while 
affecting  single  terpene  production  and  emission.  Plants  vary  in  their  responsiveness  to  AM 
colonization and many plants and environmental factors influence the magnitude of the response 
(Smith and Read, 1997; Jackobsen et al., 2002). Variations in the development and function among 
AM fungi also contribute to the outcome of symbioses with different host plants (Smith et al., 2004). 
Previous  studies  showed  that  AM  colonization  can  change  or  not  aboveground  plant  defense 
compounds  (Gange  and  West,  1994;  Wurst  et  al.,  2004).Thus,  considering  this  structural  and 
functional  diversity  in  AM  symbioses,  variations  in  outcome  of  symbioses  in  terms  of  terpene 
production and emission (Smith et al., 2004) are expected and more investigations are necessary to 
evaluate the role of plant and fungal genotypes, associated bacteria, and environmental conditions 
under which these interactions occur.
Successful prediction of VOC emission must take into account the AM symbiosis, considering its role in 
linking  above-  and  below-ground  carbon  cycling  (Smith  and  Read,  1997),  while  allowing  to  compare 
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measurements performed in natural  conditions, where plants usually live  associated with  AM fungi,  with 
those carried out in the laboratory on potted plants often grown in sterilized substrates lacking mycorrhizal 
fungi.  Considering the role of many terpenes as plant defence compounds, the influence of plant volatile 
emission by AM colonization may have also important consequences for the effectiveness of multitrophic 
relationships mediated by direct and indirect defense response (Dicke et al., 2003; Bezemer and van Dam, 
2005). The volatiles emitted by mycorrhizal tomato plants resulted more attractive to aphid parasitoids than 
the volatiles emitted from uninoculated plants (Guerrieri et al., 2004). Previous studies (Tang et al., 2000; 
Krishna et al., 2005) showed that AM colonization can significantly affect aboveground defence compounds. 
Inoculation of Plantago lanceolata L. with AM fungi enhanced the carbon/nutrient balance, which in turn led 
to increased levels of carbon-based feeding deterrents for foliar herbivores (Gange and West, 1994).
Further  investigation  are  necessary  to  evaluate  if  colonization by  mycorrhizal  fungi  and  other 
rhizospheric  microbes  affect  VOC and,  in  particular,  terpene  metabolism. Moreover,  VOCs  emitted  or 
produced by A.annua plants could be of key interest to gain knowledge on whether these compounds are 
involved  in  some  aspects  of  this  common  symbiosis  e.g.  the  increased  resistance  of  mycorrhizas  to 
pathogens, or whether they can act as signal compounds that in turn regulate the mutual modification of 
metabolic processes and development during the course of the symbiotic association (Bezemer and van 
Dam 2005). A strong dependence of root colonization by AM fungi on the activities of MEP and carotenoid 
pathway have been showed and carotenoid accumulation in AM mycorrhizal root has been supposed to be 
involved  in  the  production  of  signalling  molecules,  control  of  pathogens  as  well  as  protection  against 
oxidative damage of membranes by reactive oxygen species (Strack and Fester, 2006). 
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Figure legends
Fig.  1.  Total  monoterpene  emission  rate,  monoterpene  content  and  sesquiterpene  content  of non-
mycorrhizal plants (NAM), non mycorrhizal P-supplemented plants (NAM+P), mycorrhizal plants inoculated 
with a single species of  Glomus fungus (AMG), mycorrhizal  plants inoculated with a mixture of different 
Glomus species and bacteria (AMM). Letters above bars indicate significant differences among treatments 
(P<0.05). Error bars show standard error of three-four separate measurements.
Fig. 2. Relationship between electron transport rate and limonene emission rate  of mycorrhizal (AMG 
and AMM treatments) and non-mycorrhizal (NAM and NAM+P) plants of A. annua. Error bars show standard 
error of three-four separate measurements. (r= 0.89 P < 0.1). 
Fig. 3. Relative emission/content of monoterpenes expressed as percentage of total monoterpenes in: 
non-mycorrhizal plants (NAM), mycorrhizal plants inoculated with a single species of Glomus fungus (AMG), 
non mycorrhizal P-supplemented plants (NAM+P), mycorrhizal plants inoculated with a mixture of different 
Glomus species and bacteria (AMM). Error bars show standard error of three-four separate measurements.
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